To characterize total retinal blood flow in a group of healthy subjects. METHODS. Included in this study were 64 healthy volunteers. Retinal venous diameters were measured using a dynamic vessel analyzer. Retinal blood velocities were measured using bidirectional laser Doppler velocimetry. All vessels with a diameter of Ͼ60 m entering the optic nerve head were measured. Total retinal blood flow was measured by summing up all data from the individually measured vessels. In a subgroup of 10 healthy subjects measurements were also taken from the arterioles, and results obtained for total retinal blood flow as measured both from retinal venules and from retinal arterioles were compared. RESULTS. Total retinal blood flow was 44.0 Ϯ 13.3 L/min. Retinal blood flow was highest in the temporal inferior quadrant, followed by the temporal superior quadrant, the nasal inferior quadrant, and the nasal superior quadrant (P Ͻ 0.001 each). In all quadrants retinal blood velocities were linearly correlated to vessel diameters. Retinal blood flow as measured in retinal venules (42.1 Ϯ 13.0 L/min) and in retinal arterioles (43.3 Ϯ 12.1 L/min) was similar (P ϭ 0.16). CONCLUSIONS. The present study provides reference values for total retinal blood flow in 64 healthy subjects. The interindividual variability in retinal blood flow is high, making it unlikely that individual diagnostics can be based on measurements of retinal blood flow. Total retinal blood flow, however, may be important in risk stratification, which needs to be proven in future studies. (Invest Ophthalmol Vis Sci. 2012;53: 698 -703)
T he inner retina is supplied by the retinal circulation. In recent years our knowledge on the perfusion of the retinal vascular bed has significantly improved and excellent overview publications on this topic are available. [1] [2] [3] Nevertheless, quantifying retinal blood flow is a difficult task. More than 25 years ago Riva and colleagues 4 presented a method of measuring total retinal blood flow in absolute units. This approach is based on measuring vessel diameters from fundus photographs and retinal blood velocities using bidirectional laser Doppler velocimetry (LDV). If all vessels entering the optic nerve head were measured, absolute values of total retinal blood flow could be measured.
In their original publication, Riva and colleagues 4 have shown that there is a good agreement between total blood flow values as measured from arterial and venous branch vessels relying on data from 12 healthy subjects. Given that the retina is an end organ, this indicates the validity of the technique. Nevertheless, this approach has later been used in only a limited number of studies because the procedure is time-consuming and requires significant observer experience as well as cooperation from the subject under study.
We set out to measure retinal blood flow in 64 healthy volunteers using this technique. This was done in an effort to characterize the physiology of retinal perfusion in more details, to look into the range of total retinal blood flow as it is observed in healthy young subjects, and to provide reference values for new methods aiming to measure total retinal blood flow.
METHODS

Research Design and Subjects
The study protocol was approved by the Ethics Committee of the Medical University of Vienna and followed the guidelines set forth in the Declaration of Helsinki. In all, 64 healthy male volunteers between 18 and 45 years of age were included in this study. All subjects signed written informed consent and passed a screening examination before the study day, including physical examination, assessment of visual acuity, slit-lamp biomicroscopy, funduscopy, and measurement of intraocular pressure (IOP). Exclusion criteria were ametropia Ն 3 diopters, other ocular abnormalities and any clinically relevant illness, smoking, blood donation, or intake of a medication, a vitamin, or a mineral supplement in the 3 weeks before the study. Participants had to abstain from beverages containing alcohol or caffeine for 12 hours before the study day.
Protocol
After instillation of a single drop of tropicamide (mydriaticum, AgephaAugentropfen eyedrops, 5 mg/mL tropicamide; Agepha GmbH, Vienna, Austria) into the study eye and after a resting period of at least 20 minutes, retinal blood flow was assessed by combining measurements of retinal vessel diameters and retinal blood velocities in all visible venules entering the optic nerve head. In a subgroup of 10 healthy subjects measurements were also taken from all retinal arterioles entering the optic nerve head. First, measurements of retinal vessel diameters were done with a dynamic vessel analyzer (DVA), which took approximately 5 to 10 minutes. After completion of these measurements an image obtained with the DVA was printed to guide measurements with the laser Doppler velocimeter. Thereafter, measurements with the laser Doppler velocimeter were done. Measurement times were variable between 15 and 45 minutes. During the whole study period blood pressure was measured in 5-minute intervals and pulse rate was monitored continuously to ensure stable hemodynamic conditions.
Dynamic Vessel Analyzer
The diameters of retinal arterioles and venules within one to two disc diameters from the center of the optic disc were measured in mydriasis using the DVA (Imedos GmbH, Jena, Germany). This system comprises a fundus camera (FF450; Carl Zeiss Meditec AG, Jena, Germany), a high-resolution digital video camera, and a personal computer with analyzing software. To determine retinal vessel diameters, recorded images were digitized and analyzed in real time, with a frequency of 50 Hz. Retinal irradiance during measurements was approximately 150 W ⅐ cm
Ϫ2
. The system provided excellent reproducibility and sensitivity. 5, 6 After selection of the measurement location the DVA was able to follow the vessels during movements within the measurement window. In the present study vessels Ͻ 60 m in diameter were not included.
Laser-Doppler Velocimetry
For measurement of retinal red blood cell velocity we used a fundus camera-based system (LDV-5000; Oculix Inc., Arbaz, Switzerland). Measurements were performed in retinal venules and retinal arterioles at the same locations as diameter measurements. The principle of LDV is based on the optical Doppler effect. 7 Laser light of a single-mode laser diode with a wavelength of 670 nm is scattered and reflected by moving erythrocytes leading to a broadened and shifted frequency spectrum. The frequency shift is proportional to the blood flow velocity in the retinal vessel. The maximum Doppler shift corresponds to the centerline erythrocyte velocity (V max ). The Doppler shift power spectra are recorded simultaneously for two directions of the scattered light. The scattered light is detected in the image plane of the fundus camera. This scattering plane can be rotated and adjusted in alignment with the direction of V max , which enables absolute velocity measurements. From V max mean blood velocity in retinal vessels (V mean ) may be calculated as V mean ϭ V max /2, based on the assumption of laminar flow and a parabolic velocity profile. Retinal irradiance during measurements was approximately 150 W ⅐ cm Ϫ2 . Blood flow in the assessed retinal vessels was calculated as Q i ϭ V mean,i ϫ D i 2 /4 (V i is the velocity in vessel i, as assessed by LDV; D is the vessel diameter in vessel i, as measured with the DVA). This was done for retinal arterioles (n ϭ 10) and retinal venules (n ϭ 64). As with the DVA, vessels with a diameter of Ͻ60 m were not measured. Total retinal blood flow was obtained using the equation:
The number of vessels that were used for calculation of total retinal blood flow varied between 4 and 8 depending on the individual retinal angioarchitecture.
Measurement of IOP and Systemic Hemodynamics
IOP was measured with a slit-lamp mounted Goldmann applanation tonometer (Haag-Streit AG, Bern, Switzerland) after the hemodynamic measurements were completed. Before each measurement 2 drops of oxybuprocain hydrochloride combined with sodium fluorescein (fluoresceine-oxybuprocaine SDU Faure; OmniVision, Neuhausen, Switzerland, 0.5 mg/1 mL fluoresceine, 4 mg/mL oxybuprocaine) were instilled for local anesthesia. Systolic, diastolic, and mean arterial blood pressures (MAP) were repeatedly measured using the upper arm by an automated oscillometric device (HP-CMS patient monitor; HewlettPackard, Palo Alto, CA). Pulse rate was automatically recorded by the same unit from a finger pulse oxymetric device. Ocular perfusion pressure (OPP) in the sitting position was calculated as 2/3(MAP Ϫ IOP).
Statistical Analysis
All data are given as mean Ϯ SD. Retinal blood flow in the four quadrants was compared using ANOVA and planned comparisons were used for post hoc analysis. In the 10 subjects in which total retinal blood flow was measured in both arterioles and venules, a paired t-test was used to compare the data. In addition a Bland-Altman graph was plotted to characterize the association between the two methods. For the largest venules in each quadrant a linear correlation between blood velocities and vessel diameters was performed. This was done separately for the temporal superior, the temporal inferior, the nasal superior, and the nasal inferior quadrant. Fisher's r to z transformation was used to calculate the significance of the difference between two correlation coefficients. The association between retinal blood flow and MAP, IOP, and OPP was also calculated by linear correlation analysis. A value of P Ͻ 0.05 was set as the level of significance.
RESULTS
Patient's characteristics are presented in Table 1 . Although all subjects were young and healthy and had normal blood pressures and IOPs, the range of retinal blood flows was extremely wide. Retinal blood flow data as shown in Table 1 were taken from either 4 venules (n ϭ 4), 5 venules (n ϭ 13), 6 venules (n ϭ 18), 7 venules (n ϭ 17), or 8 venules (n ϭ 12). Table 2 presents the data according to the number of venules that were studied. ANOVA analysis revealed that the total retinal blood flow values were not dependent on the number of vessels studied (P ϭ 0.43). As mentioned earlier, vessels with a diameter of Ͻ60 m were not included due to methodologic problems. In 24 subjects this was not the case, whereas in 13 subjects 1 visible vessel was not measured, in 15 subjects 2 vessels were not measured, and in 12 subjects 3 vessels were not measured. As shown in Table 3 the values of total retinal blood flow, however, did not depend on the number of vessels that were excluded from measurement (P ϭ 0.93). Table 4 summarizes retinal blood flow according to the four quadrants of the fundus. Retinal blood flow was highest in the temporal inferior quadrant, followed by the temporal superior quadrant, the nasal inferior quadrant and the nasal superior quadrant (P Ͻ 0.001, ANOVA). Post hoc analysis revealed that retinal blood flow was higher in the temporal inferior quadrant than in the temporal superior quadrant (P Ͻ 0.001 post hoc analysis) and that the latter was higher than in the nasal inferior quadrant (P Ͻ 0.001 post hoc analysis). Finally, blood flow in the nasal inferior quadrant was higher than in the nasal superior quadrant (P ϭ 0.02 post hoc analysis). A similar result was also seen from measurements in retinal arterioles. Again, blood flow was highest in temporal inferior quadrant (16.1 Ϯ 5.1 L/min), followed by the temporal superior quadrant (11.8 Ϯ 6.2 L/ min), the nasal superior quadrant (7.9 Ϯ 2.2 L/min) and the nasal inferior quadrant (7.3 Ϯ 2.2 L/min, P Ͻ 0.001). Figure 1 shows the linear correlation analysis between vessel diameters and velocities for each quadrant separately. For this analysis only the largest vessel in each quadrant was included. A highly significant association was found for all vessels (P Ͻ 0.001). It is, however, obvious that the regression line is considerably steeper in the superior than in the inferior quadrants. Whereas, within the confidence limits, the regression line included the point 0,0 in the velocity-diameter graph in inferior venules, this was not the case in superior venules. In the temporal superior venules and the nasal superior venules the 0 velocity was found at diameters of 38 and 45 m, respectively. The correlation coefficient between velocity and diameter was significantly different between the superior and the inferior venules. This was the case for temporal venules (P ϭ 0.020) as well as for nasal venules (P ϭ 0.025). Table 5 shows the comparative results of total retinal blood flow values as obtained from measurements in retinal arterioles and retinal venules in the subgroup of 10 healthy subjects. Generally good agreement between the two variables was found. No significant difference was found in the mean retinal blood flow as measured in retinal venules (42.1 Ϯ 13.0 L/ min) and retinal arterioles (43.3 Ϯ 12.1 L/min, P ϭ 0.16). The Bland-Altman plot is presented in Figure 2 , again indicating good agreement between measurements. Retinal blood flow was independent of MAP (r ϭ 0.02; data not shown) and IOP (r ϭ 0.13; data not shown). The association between retinal blood flow and OPP is depicted in Figure 3 . No association between the two variables was found, meaning that in healthy subjects retinal blood flow is independent of blood pressure.
DISCUSSION
The present study is by far the largest study quantifying total retinal blood flow in a group of healthy young subjects. Generally, our results are in the same range as those observed in previous studies that measured total retinal blood flow. In their landmark publication Riva and colleagues 4 reported on measurements in 12 eyes of 7 healthy subjects, with a value of 34 Ϯ 6 L/min. In subsequent publications the same group reported values of 37 Ϯ 5 L/min (n ϭ 12) 8 ) and 39 Ϯ 5 L/min (n ϭ 16). 9 Feke and colleagues 10 measured total retinal blood flow in 8 eyes of 6 subjects and reported a value of 80 Ϯ 12 L/min, which is close to the values reported by Garcia et al. 11 in 5 healthy subjects (65 Ϯ 13 L/min). In our own previous studies we found retinal blood flow values of 34 Ϯ 8 L/min, 12 and 43 Ϯ 16 L/min. 13 When comparing these results one must keep in mind that Riva and colleagues 14 used a factor of 1.6 instead of 2 when converting V max to V mean . It appears, however, based on measurements of velocity profiles in human retinal vessels that a factor of 2 is more appropriate. 15 The reason for the differences in total retinal blood flow, as measured in different studies, is unknown and requires further attention. Generally two types of bidirectional LDV systems for the measurement of red blood flow have been commercialized. Whereas the system applied in the present study (Oculix Sarl, Arbaz, Switzerland) uses the principle to analyze the Doppler shifts of the back-scattered light in two distinct directions, the Canon system illuminates the vessels with laser light from two directions. To solve the issue that different absolute values have been reported comparative measurements using the two systems may be required.
The observation that retinal blood flow to the temporal side of the retina is much higher than that to the nasal part is in good agreement with previous studies. 4, 10 This was observed for measurements in retinal venules as well as for measurements in retinal arterioles. Obviously, this may be related to the number of retinal ganglion cells that need to be nourished. Interpreting these results, however, one needs to keep in mind that the larger vessels studied in our experiments do not necessarily supply capillaries in the same quadrant only and that all blood that is supplied through one specific arteriole is not necessarily drained through an adjacent venule. An interesting observation of the present study is the difference in correlations between blood velocities and vessel diameters in superior and inferior vessels. Since this was found for both nasal and temporal vessels, we deem it unlikely to be a chance finding. Neither the reason nor the physiologic basis for this behavior is known. A correlation as seen in the inferior venules would be expected from Murray's law, which proposes that flow should vary with D 3 in the vascular bed in which it seeks an optimum compromise between blood volume and vascular resistance. 16 Murray's law predicts the vessel radius that requires minimum expenditure of energy by a vascular bed. In larger vessels the pressure drop in the vessels reduces with increasing diameter according to the HagenPoiseuille's law and flow varies with D 4 . Murray's law, however, includes the best-recognized minimum dissipation principle, in which the metabolic consumption in a single vessel segment is proportional to the blood volume. Whether this means that the physiologic behavior of the superior and inferior retinal vasculature is different remains unknown. To the best of our knowledge no differences in blood flow regulation between the inferior and the superior retina have been previously reported.
The validity of data is supported by the relatively good association between retinal blood flow values as assessed in all arterioles and retinal blood flow values as assessed in all retinal venules. The Bland-Altman plot presented in Figure 2 indicates that there is almost no difference between these measurements and that the differences rather arise from random errors. This is in good agreement with the data of Riva and colleagues, 4 who also found a good agreement between total retinal blood flow measured on the arterial and venous side. The interindividual variability in measurements was high. As such, it is doubtful whether such measurements can be used on an individual diagnostic level. It seems more attractive to use such data for risk stratification. This has been extensively done for measurements of retinal vessel diameters as discussed only recently in several excellent review publications. [17] [18] [19] In the present study retinal vessel diameters were measured using the DVA. Compared with previous methods for assessing retinal vessel caliber based on fundus photography, this provides a significant improvement. 6 An unsolved problem with all techniques measuring retinal vessel diameters, however, is the correction for refractive error and eye length. 6 We have limited the influence of this problem in the present study by including only subjects with refractive errors of Ͻ3 diopters.
As can be seen from Figure 3 there was no association between retinal blood flow and OPP. This may also be expected for an autoregulated vascular bed. 20 Autoregulation of retinal blood flow has been documented in a large variety of previous studies during both an increase and a decrease in OPP. 1, [21] [22] [23] [24] [25] A number of limitations have to be considered in interpreting the present results. LDV is a time-consuming procedure and requires very good fixation abilities from the subject under study. This is particularly true if all venules entering the optic nerve head are measured. As such, only subjects with excellent fixation abilities were included. In addition, one needs to consider that only vessels with a diameter Ͼ 60 m were included for our measurements. A total of 73 visible vessels were not measured accordingly, but in none of the subjects there were more than three small vessels that were not measured. Based on the correlation graphs presented in Figure 2 one would assume that blood flow through a 60-m retinal venule is approximately 1 L/min. As such, the maximum error should not exceed 3 to 4 L/min. Analysis of the present data does not indicate that the number of included vessels is responsible for the wide interindividual variability because neither the number of vessels studied (Table 2 ) nor the number of small vessels that were not included for measurements (Table 3) were related to the values obtained. Together with the good agreement between values, as obtained from the arteriolar and the venular site, this indicates that the high variability of total retinal blood flow values as seen in the present study is not due to methodologic limitations. What is more critical is the reproducibility of data. We have reported that the coefficient of variation for LDV measurements in our laboratory over 12 hours is approximately 17%. 26 One needs to consider, however, that this value refers to one large venule only, which was chosen on the basis of measurement quality. As such, variability may be even higher in smaller vessels measured in the present study or in retinal branch arterioles. On the other hand, the good agreement between measurements from the arteriolar and the venular site indicates that in the present study reproducibility of total retinal blood flow may even be higher, although it was not formally studied. One must not forget, however, that the subjects for the present study were selected based on excellent target fixation. Variability in retinal branch venule diameter measurements is less critical and was reported to be 1.6% using DVA measurements in our laboratory. 26 Another critical issue arises from the fact that the laser beam has to hit the center of the vessel when LDV is used because, otherwise, the centerline velocity is underestimated.
Finally, one needs to consider that vessel diameter measurements were not corrected for magnification errors. Based on the method of Littmann (1982) 27 and its modification by Bennett and colleagues (1994) 28 one can estimate the error that is introduced by this limitation given that only subjects with ametropia Ͻ 3 diopters were included. As such, we calculated that the maximum error due to magnification errors is 4%.
As such, it is clear that the method used in this study is not feasible for clinical routine measurements. Only recently, however, have different techniques based on OCT been developed that may be capable of measuring retinal blood flow with acceptable speed and reproducibility. 29 -33 As such, the present data may be a valuable database for comparison. Careful validation of new techniques, however, is required before they can be used in clinical studies.
In conclusion the data of the present study indicate that reliable data on retinal blood flow can be obtained using combined LDV and vessel diameter measurement, although the technique is not suitable for clinical routine measurements. Because of the very high interindividual variability in total retinal blood flow values it is unlikely that retinal blood flow itself is of high diagnostic value. It may well be, however, that such data can be used for risk stratification, which has to be proven in future studies.
